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I, David A. Zopf, M.D. declare as follows: 

1 . I am currently Executive Vice President and Chief Scientific 



Officer at Neose Technologies, Inc. (hereinafter "Neose"). My qualifications are 
discussed in my declaration submitted with the response mailed May 18, 2004 (hereinafter 
my "First Declaration"). My current Curriculum Vitae is attached to my First Declaration. 



2. In my First Declaration, I provided evidence that the claimed 



technology has enjoyed commercial success. In particular, I noted that at the time my 
first declaration was signed (October 16, 2001) more than 20 successful feasibility studies 
had been completed. In addition, I provided evidence of ongoing collaborative research 
and development agreements with other companies to develop commercial manufacturing 
methods. The response mailed May 18, 2004 provided additional evidence of successful 
collaborations since my first declaration was signed. 



Sir: 
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3. In the present Office Action, I understand that the Examiner has 
questioned whether the demonstrated commercial success is related to the claimed 
invention, despite my statement to that effect in Paragraph 1 1 of my first declaration. This 
declaration is submitted to provided further evidence that the commercial success is a 
result of the merits of the present invention and not related to other factors. 

4. As explained in the patent application, achieving and maintaining 
proper glycosylation is a major challenge in biotechnology manufacturing, and one that 
affects the industry's overall ability to maximize the clinical and commercial gains 
possible with these agents. Utilizing cell systems to produce recombinant glycoproteins 
requires balancing the cells 5 ability to produce the protein with their ability to attach the 
appropriate carbohydrates. 

5. Attached is a copy of a paper (Zopf and Vergis, Pharmaceutical 
Visions, pplO-14, Spring 2002, Exhibit 1) that sets out some of the technical problems 
encountered in recombinant production of glycoproteins. As explained at page 1 1 and 
illustrated in Figure 3, none of the currently used recombinant expression systems produce 
proteins having glycosylation as found in human cells. 

6. The problems in glycosylation result in low yields of usable 
product, which contribute to the cost and complexity of producing these drugs. For 
example on page 1 1 of Zopf and Vergis, we note that underglycosylation results in 
manufacturing losses of up to 80% of the product. Incorrect sialylation, in particular, 
affects the half-life of the drug, resulting in the need to administer higher and more 
frequent doses. This affects the cost of therapy, and potentially, the incidence of side 
effects. Thus, the ability to manufacture therapeutic glycoproteins with improved 
glycosylation has been an important strategic goal of pharmaceutical and biotechnology 
companies. 

7. The methods of the present invention are very effective in 
addressing this long felt need. The claimed methods require that the step of contacting a 
glycoprotein with a sialyltransferase and other reactants occurs in vitro. As shown in the 
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specification and in the attached exhibits, the method result in sialylation of at least 80% 
of the terminal galactose residues on the glycoprotein. The high degree of sialylation 
achieved using the methods of the invention is also shown in Figure 3 of the Zopf and 
Vergis. These two limitations (in vitro reaction and high degree of sialylation) are directly 
related to the success of the claimed process. 

8. In our experience, producers of recombinant therapeutic proteins 
have been interested in the claimed in vitro methods because the methods can be used to 
improve glycosylation without altering the host cells or culture conditions that have been 
optimized for other purposes, such as yield. In addition, the methods can be used in 
combination with in any expression system, such as bacteria, yeast, fungi, or plants. Prior 
to the advent of the claimed technology, producers of recombinant therapeutic 
glycoproteins had no commercially feasible means for achieving this goal. 

9. The commercial success of the invention has been amply 
demonstrated by my First Declaration and the additional evidence provided with the last 
response. Moreover, the evidence of record shows the high degree of sialylation and the 
resulting improvement in biological properties of glycoproteins treated according to the 
claimed methods. These improvements have been publicly noted by our collaborators, 
thus demonstrating that improvement are generally recognized by those of skill in the art, 
not just by those at Neose. 

10. For example, Exhibit 2 1 is a copy of a presentation made by 
employees of Eli Lilly at the Biotechnology Industry Organization Meeting (BIO) held on 
June 26, 2001, in San Diego, California. As described therein, a "glycoprotein X" (GPX) 
was at sent by scientists at Eli Lilly to Neose for resialylation. The presenters conclude in 
the last slide of the presentation by noting that the methods restored sialic acid on 99% of 
exposed Gal residues and N-linked glycans. These improvements, the Eli Lilly scientists 
concluded, resulted in slower plasma clearance and an increase in steady-state plasma 
concentration. 

11. Exhibit 3 is copy of Thomas et al. Glycobiology 14:883-93 (2004), 
which is the same as the manuscript provided as Appendix 1 to the response mailed May 



1 This document is identical to Exhibit 3 to my First Declaration. 
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18, 2004. This publication describes the results of research carried out by Neose scientists 
in collaboration with scientists from Avant Immunotherapeutics. As noted earlier, the 
glycosylation reactions described there (both sialylation and fucosylation) resulted in 
nearly all of the carbohydrates of the target protein terminating in the desired 
oligosaccharide structure (termed sLe x ). The proteins therefore had a ten-fold increase in 
affinity for the target receptor (termed E-selectin). The authors, including Avant 
Immunotherapeutics scientists, concluded that the in vitro glycosylation of the invention 
"reduces heterogeneity of the glycan profile, improves pharmacokinetics and engances 
carbohydrate mediated binding to E-selection." (see? Abstract). Thus, both Avant 
Immunotherapuetics and the reviewers of this manuscript felt that the observed 
improvements in binding of the modified protein was commercially valuable and worthy 
of publication in a respected scientific journal. 

12. In conclusion, the claimed methods have been extremely effective 
in restoring high degree of sialylation. Indeed, the degree of sialylation achieved is 
routinely well over 80%. This has resulted in improved biological function. Moreover, 
the improved results are publicly noted by our collaborators and are accepted by third 
party reviewers at respected journals. These results coupled with the fact that potential 
partners need not modify existing culture conditions have been directly responsible for the 
commercial success of the claimed invention. 

13. I hereby declare that all statements made herein of my own 
knowledge are true and that all statements made on information and belief are believed to 
be true; and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, under 
Section 1001 of Title 18 of the United States Code, and that such willful false statements 
may jeopardize the validity of the application or any patent issued thereon. 



Dated: November £3 , 2004 



/David A. Zopf, M 



Glycosylation: 

a critical issue in protein development 
and manufacturing 

David Zopf and George Vergis review the applications of in vitro 
glycoprotein remodelling, which utilises glycosyltransferases to attach 
the appropriate carbohydrates to the protein after it is expressed and 
secreted by the host cell. They argue that this new technology has the 
potential to help the industry solve its protein production issues 



Recombinant proteins and mono- 
clonal antibodies offer great 
promise as therapeutics for a 
myriad of diseases. There are 
more than 360 biotechnology drugs in 
development for over 200 different condi- 
tions 1 (Figure 1). Many of these drugs are 
glycoproteins - proteins that include 
complex carbohydrates as part of their 
structure. The process by which these 
carbohydrates are attached to proteins 
is called glycosylation. Glycosylation 
patterns are important to the structure 
and function of glycoproteins. Achieving 
and maintaining proper glycosylation is a 
major challenge in biotechnology manu- 
facturing, and one that affects the 
industry's overall ability to maximise the 
clinical and commercial gains possible 
with these agents. 

Most recombinant therapeutic glyco- 
proteins, including the well-known drugs 
Avonex (interferon beta 1-a, Biogen, Inc) 
and EPOGEN/EPREX (epoetin alfa, Amgen 
Inc/Ortho Biotech), are produced in living 
cells - Chinese hamster ovary (CHO) cells - 
in an attempt to correctly match the glyco- 
sylation patterns found in the natural 
human form of the protein and achieve 
optimal in vivo functionality. However, util- 
ising cell systems to produce glycopro- 
teins requires balancing the cells' ability 
to produce the protein with their ability 
to attach the appropriate carbohydrates. 
CHO cells engineered to produce large 



FIGURE 1. BIOTECHNOLOGY j 
MEDICINES IN DEVELOPMENT 
BY THERAPEUTIC CATEGORY 



AIDS/HIV infection/ 

related disorders 19 

Autoimmune disorders 19 
Blood disorders 9 
Cancer/related conditions 175 
Diabetes-related conditions 7 

Digestive disorders 1 1 
Eye conditions 3 

Genetic disorders 1 1 
Growth disorders 3 

Heart disease 26 

Infectious diseases 39 
Infertility 5 

Neurological disorders 28 

Respiratory diseases 22 
Skin disorders 1 9 

Transplantation 1 3 

Other 29 



Note: some medicines are listed in 
more than one category 

Source: New medicines in 
development: biotechnology 
Pharmaceutical Research and 
Manufacturers Association 



quantities of a specific protein often do 
not maintain the proper level of glycosy- 
lation. This results in low yields of usable 
product, which contributes to the cost and 
complexity of producing these drugs. 
Incorrect glycosylation also affects the 



half-life of the drug, resulting in the need 
to administer higher and more frequent 
doses. This affects the cost of therapy, 
and potentially, the incidence of side 
effects. Low yields are a significant 
contributor to the critical worldwide 
shortage of biotechnology manufacturing 
capacity. A recent report by David Molowa, 
a biotechnology equity research analyst, 
predicted that demand for manufacturing 
capacity will exceed current capacity by 
a factor of four by 20 05 2 . Thus, the ability 
to manufacture these drugs is becoming 
an important strategic asset of pharma- 
ceutical and biotechnology companies. 

Because of these issues, the phar- 
maceutical industry continues to search for 
better ways to manufacture glycoproteins. 
Alternative expression systems, such as 
transgenic animals and plants, have 
received industry and media attention 
because they may be able to significantly 
increase product yields at lower cost. 
However, achieving the correct glycosyla- 
tion patterns remains a problem with these 
systems and is a significant barrier to their 
widespread adoption for manufacturing 
proteins for parenteral use. A new tech- 
nology, in vitro glycoprotein remodelling, 
is available that utilises specific enzymes, 
glycosyltransferases, to attach the appro- 
priate carbohydrates to the protein after 
it is expressed and secreted by the host 
cell. Employing this technology to ensure 
correct glycosylation of proteins has the 
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Transgenic 
animals 
CHO cells 




Human 
glycoproteins 



*JL^ Peptide ($) Galactose 
@ Xylose <0> Fucose 



Mannose ^ N-gtycolylneuraminic acid 

N-acetylglucosamine ^ N-acetylneuraminic acid 



Figure 2. 
Comparison of 
glycosylation 
among alternate 
expression 
systems 



potential to help the Industry solve its 
protein production issues. 

GLYCOSYLATION - A PRIMER 

Glycoproteins consist of oligosaccharides, 
or sugar chains, covalently linked to 
proteins. The predominant sugars found 
on human glycoproteins include galac- 
tose, mannose, fucose, N-acetylgalac- 
tosamine (GalNAc), N-acetylglucosamine 
(GlcNAc), and N-acetylneuraminic acid (the 
human form of sialic acid). Correctly 
attaching these sugars through the 
process of glycosylation is the most exten- 
sive post-translational modification made 
to proteins by eukaryotic cells. There are 
two types of glycosylation. N-glycosyla- 
tion begins with the linking of GlcNAc to 
the amide group of asparagine. O-glyco- 
sylation most commonly links GalNAc to 
the hydroxy! group of serine or threonine. 
The processing of N-glycans occurs co- 
translationally in the lumen of the endo- 
plasmic reticulum and continues in the 
Golgi apparatus for N-linked glycoproteins. 
O-linked glycosylation occurs post-trans- 
lationally in the Golgi apparatus. The 
attachment of sugars is catalysed by 
specific glycosyltransferases. Many of 
these enzymes are extremely sensitive 
to stimuli within the cell in which the glyco- 
protein is expressed. As a result, the 
specific sugars attached to an individual 
protein depend on the cell type in which 



the glycoprotein is expressed and on the 
physiological status of the cell. 

The carbohydrate components of 
glycoproteins affect the functionality of 
the molecule by determining protein 
folding, oligomer assembly and secretion 
processes. Without the proper shape, 
the ability of the 'protein to interact 
correctly with its receptor is affected, 
possibly affecting function. Glycosylation 
may affect solubility and prevent aggre- 
gation. Carbohydrates also affect the 
rate of clearance of glycoproteins from 
the bloodstream. N-glycans on human 
glycoproteins have a specific order termi- 
nating in N-acetylneuraminic acid (sialic 
acid). Missing terminal sialic acids on 
a glycoprotein expose underlying galac- 
tose residues, which are a signal to the 
liver to remove the glycoprotein from 
circulation. 

RECOMBINANT PROTEINS 

Recombinant proteins and monoclonal 
antibodies require a host organism for 
expression of the desired protein. 
Although protein expression systems 
produce correct amino acid sequences, 
the glycosylation remains that of the host 
(Figure 2). In addition, these systems do 
not maintain complete glycosylation under 
high-volume production conditions. 

Common bacterial expression 
systems such as Escherichia coli do not 



glycosylate recombinant mammalian 
proteins. 3 Yeast and fungal expression 
systems offer a simple production 
process with high yield, powerful secre- 
tory pathways, and some limited post- 
translational modifications. However, the 
glycosylation patterns are significantly 
different from what occurs in mammalian 
cells. Yeast cells add high-mannose struc- 
tures that are non-human. Although these 
structures may not be immunogenic, the 
expressed glycoprotein will have a short 
half-life. There is also evidence to suggest 
that different O-glycosylation patterns 
occur in yeast cells and mammalian 
cells/ Insect cells put on shorter 
mannose structures than yeast. Again, 
while not likely immunogenic, these 
foreign patterns affect overall half-life of 
the recombinant protein. 

The published studies on the produc- 
tion of human proteins in plants have 
suggested that plants often add simple 
N-g!ycan structures that lack galactose 
and terminal sialic acids, which will 
compromise activity. Another obstacle 
may be the presence of alpha 1-3 linked 
core fucose and xylose residues that are 
potentially immunogenic. 56 

CHO cells, the system most commonly 
used today for recombinant protein manu- 
facturing, glycosylate close to human but 
do not maintain complete glycosylation 
under production conditions. 
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. Figure 3. 
GlycoAdvance has 
consistently 



glycosylation 



100% 
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After GlycoAdvance 




C D E 
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Transgenic animals are being studied 
as an alternative to traditional CHO cell 
production processes. Transgenic animals 
provide a potentially less expensive 
source of production for proteins 
compared to traditional cell culture 
systems. In recent years, the number of 
production systems has increased, with 
more than 20 companies worldwide 
involved in pharmaceutical protein produc- 
tion in various transgenic animals. The 
protein, antithrombin III, produced in the 
milk of transgenic goats, is currently in 
phase III clinical trials. 

While transgenic expression systems 
may solve the problems of protein produc- 
tion yields and may lower cost, they do not 
solve the problem of protein glycosylation. 
As with CHO cells, cells of the lactating 
mammary gland may underglycosylate 
glycoproteins they secrete. A potential 
concern is that most transgenic systems 
put on a non-human form of sialic acid, 
N-glycolylneuraminic acid. Whether or not 
this is a problem may become evident as 
high-dose, chronic-use protein therapeu- 
tics become more widely used. 

A review of interferon gamma, a 
recombinant protein that has been 
expressed in three different systems, 
offers insight into the types of glycosyla- 
tion differences that occur among expres- 



sion systems. Interferon gamma produced 
in CHO cells has substitutions with a 
fucose residue, and high mannose 
oligosaccharide chains. Interferon gamma 
produced in transgenic mice shows 
considerable site-specific variation in 
N-glycan structures. Interferon gamma 
produced from insect cell culture is asso- 
ciated with tri-mannosyl core structures. 
These differences highlight the impor- 
tance of monitoring glycosylation patterns 
and noting the effect of variances in glyco- 
sylation on the structure and function of 
the recombinant protein. 

COMPETITIVE ADVANTAGE 

As an example of the critical link between 
correct glycosylation, optimal function and 
competitive advantage, we examine recom- 
binant human erythropoietin. Recombinant 
erythropoietin has worldwide sales of 
nearly $5 billion annually. The natural 
hormone is a 165 amino acid glycopro- 
tein with one 0-linked and three N-linked 
glycosylation sites. The effects of correctly 
matching these glycosylation patterns in 
the recombinant product are complex. 
Although unglycosylated E co//-derived 
erythropoietin exhibits full biological activity 
in vitro, it has very low activity in animal 
studies. 79 Desialylated erythropoietin 
shows enhanced activity in vitro, but 



decreased activity in vivo. This is attributed 
to the binding of galactose residues by 
hepatocytes in the liver which rapidly bind 
and clear the glycoprotein. 1011 Commercial 
erythropoietin is produced in CHO cells, 
and there are considerable manufacturing 
losses (up to 80%) because underglyco- 
sylated material is not used. 

A second generation erythropoietin, 
novel erythropoiesis stimulating protein 
(NESP, Aranesp, Amgen Inc), was recently 
approved for treatment of erythropoietin 
deficiency in patients with chronic renal 
failure. NESP has five N-linked oligosac- 
charide chains, compared to the three 
chains found in recombinant erythropoi- 
etin. 12 These extra N-glycans extend the half- 
life of NESP, with NESP having a half-life 
three times longer than that of recombinant 
erythropoietin. 12 The longer half-life permits 
less frequent dosing of NESP. Patients 
currently receiving erythropoietin every week 
will receive NESP every two weeks. Because 
the drug is administered parenterally, 
extending the half-life simplifies therapy for 
both patients and physicians by allowing 
for less frequent dosing. This may also 
reduce overall healthcare costs. Most impor- 
tantly, the less frequent dosing is antici- 
pated to be a significant competitive 
advantage for Amgea possibly giving them 
a piece of the lucrative $3 billion market 
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for indications outside of renal failure 
currentiy enjoyed by Johnson & Johnson's 
PROCRIT. 

GLYCOPROTEIN REMODELLING 

A better understanding of glycoprotein 
biosynthesis, along with identification 
and cloning of many of the enzymes 
involved in this process, has provided 
a foundation for new technologies that 
will enable the industry to make optimal 
use of the discoveries arising from the 
great strides in genomics. A technology 
to add missing sugars to carbohydrate 
chains on a glycoprotein after it has 
been secreted from the production cell 
is now available. The proprietary tech- 
nology is being developed by Neose 
Technologies, Horsham, Pennsylvania, 
under the brand name GlycoAdvance. 
Because this technology decouples 
protein expression from glycosylation, 
it has the potential not only to ensure 
correct and complete glycosylation 
patterns, but may allow pharmaceutical 
manufacturers to choose the most effi- 
cient production cell lines without having 
to control for glycosylation. 

This technology uses glycosyltrans- 
ferases to add missing sugar units to the 
carbohydrate chains via donor sugars 
known as sugar nucleotides. In a produc- 
tion setting, the GlycoAdvance enzymes 
and sugar nucleotides are added to the 
cell culture medium containing the target 
protein after it has been secreted from 
the production cell. The step can be easily 
integrated into existing on-site manufac- 
turing processes. Neose is currently 
expanding its capacity to manufacture and 
supply to protein manufacturers the 
GlycoAdvance enzymes and sugar 
nucleotides produced under Good 
. Manufacturing Practices for use in large- 
scale glycoprotein production. 

In feasibility studies conducted to date, 
GlycoAdvance has consistently improved 
glycosylation (Figure 3, previous page). 
Studies completed by Neose in collabo- 
ration with Biogen and Eli Lilly researchers 
have indicated that GlycoAdvance tech- 
nology resulted in nearly complete restora- 
tion of the target sugars to the 
glycoproteins, and GlycoAdvance signifi- 
cantly increased the in vivo half-life of the 
glycoproteins to which it was applied. 13 



LOOKING FORWARD 

We are in the midst of explosive growth in 
the number of biotechnology medicines in 
development, driven by the rapidly growing 
number of known drug opportunities 
emerging from genomics, and the ability 
to clone and express human proteins. 
These developments are a major force 
in the growth of the pharmaceutical and 
biotech industries. In 2000, worldwide 
sales of glycoprotein and antibody drugs 
were about $16 billion. By 2010, world- 
wide sales are expected to exceed $68 
billion. Developments in this area are 
limited by manufacturing production 
capacities, with capacities lagging far 
behind demand. These manufacturing 
limitations are likely to slow the growth 
in the biotech industry that could be 
realised if these issues were solved. 14 
Industry analysts have estimated that for 
every $100m of demand for a drug that 
goes unfilled, $1 billion of the drug's 
market value is destroyed. 15 

The bright future of protein therapeu- 
tics may be limited only by the ability of 
the industry to manufacture sufficient 
quantities of these drugs at a reason- 
able cost. GlycoAdvance technology offers 
a solution to the incorrect or incomplete 
glycosylation associated with both CHO 
cell and other expression systems. Using 
GlycoAdvance to add missing sugars to 
glycoproteins will enable protein manu- 
facturers to correct the problems of 
reduced product yield, shortened drug 
half-life and decreased efficacy that result 
from incomplete glycosylation. • 

David Zopf MD, executive vice president, 
and George Vergis PhD, vice president, 
commercial and business development, 
Neose Technologies, Inc 



CONTACT 

Barbara Krauter, 

corporate communications, Neose 
Technologies, Inc, 102 Witmer Road, 
Horsham, PA, 19044, USA. 
E-mail: bkrauter@neose.com 
Tel: +1 215 441-5890 
www.neose.com 
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Recombinant soluble human complement receptor type 1 
(sCRl) is a highly glycosylated glycoprotein intended for 
use as a drug to treat ischemia-reperfusion injury and other 
complement-mediated diseases and injuries. sCRl-sLe x pro- 
duced in the FT-VI-expressing mutant CHO cell line LEC11 
exists as a heterogeneous mixture of glycoforms, a fraction of 
which include structures with one or more antennae ter- 
minated by the sialyl Lewis X (sLe x ) INeu5Aca2-3Galpl- 
4(Fucccl-3)GlcNAc]) epitope. Such multivalent presentation 
of sLe x was shown previously to effectively target sCRl to 
activated endothelial cells expressing E-selectin. Here, we 
describe the use of the soluble, recombinant oc2-3 sialy Itrans- 
ferase ST3Gal-III and the al-3 fucosyltransferase FT- VI 
in vitro to introduce sLe x moieties onto the N-glycan chains 
of sCRl overexpressed in standard CHO cell lines. The pro- 
duct (sCRl-S/F) of these in vitro enzymatic glycan remodel- 
ing reactions performed at the 10-g scale has approximately 
14 N-glycan chains per sCRl molecule, comprised of bian- 
tennary (90%), triantennary (8.5%), and tetraantennary 
(1.5%) structures, nearly all of whose antennae terminate 
with sLe x moieties. sCRl-S/F retained complement inhibi- 
tory activity and, in comparison with sCRl- sLe x produced 
in the LECH cell line, contained twice the number of sLe x 
moieties per mole glycoprotein, exhibited a twofold increase 
in area under the intravenous clearance curve in a rat phar- 
macokinetic model, and exhibited a 10-fold increase in affi- 
nity for E-selectin in an in vitro binding assay. These results 
demonstrate that in vitro glycosylation of the sCRl drug 
product reduces heterogeneity of the glycan profile, improves 
pharmacokinetics, and enhances carbohydrate-mediated 
binding to E-selectin. 

Key words: glycoengineering/glycoprotein remodeling/ 
glycosylation/glycosyltransferase 
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Introduction 

Soluble complement receptor type 1 (sCRl) is a recom- 
binant glycoprotein that has been shown to inhibit the pro- 
gression of the complement cascade in both the classical and 
alternative pathways by inhibiting the stable formation of 
C3 and C5 convertases and by serving as a cofactor in the 
proteolytic degradation of C3b and C4b by Factor I 
(Weisman et aL, 1990). The administration of sCRl has been 
shown to be effective in a number of animal disease models 
of human complement-dependent ischemia-reperfusion 
injury for tissues, such as heart (Lazar et aL, 1999), liver 
(Lehmann et al. $ 1998), hind limb (Kyriakides et aL, 2001a), 
lung (Naka et aL, 1997), and intestine (Williams et aL, 
1999). Complement inhibition by sCRl has been shown to 
reduce hyperacute rejection (Pruitt et al. y 1997) and enhance 
graft survival in many established transplant models (Kallio 
et aL, 2000; Pratt et aL, 1996; Stammberger et aL, 2000). 

In some clinical situations, complement inhibition ther- 
apy could be more effective if it were targeted directly to 
sites of endothelial activation. At sites of inflammation, 
activated endothelial cells express E-selectin and P-selectin, 
surface adhesins with carbohydrate-binding domains that 
recognize the carbohydrate epitope, sLe x (Neu5Acoc2- 
3Galpl-4[Fucal-3]GlcNAcpl-) (Lasky, 1995). 

Previously we have described sCRl-sLe x (Picard et aL, 
2000; Rittershaus et aL, 1999), a variant of the sCRl glyco- 
protein conveniently produced in LECH cells transfected 
with the sCRl gene. LECH is a mutant Chinese hamster 
ovary (CHO) cell line that expresses fucosyltransferase VI 
(FT- VI), a Golgi enzyme capable of adding fucose in al-3 
linkage to GlcNAc in oligosaccharide chains that terminate 
with either Galpl-4GlcNAc(3l ... or NeuAcoc2-3Galpl- 
4GlcNAcpi ...(Zhang et aL, 1999). Of the 25 potential 
N-glycosylation sites within the sCRl polypeptide 
sequence, 13-15 are occupied, the majority with biantenn- 
ary chains, creating the possibility for as many as 30 sLe x 
moieties per molecule of sCRl-sLe\ However, a previously 
reported analysis of the N-glycans of sCRl-sLe x showed 
heterologous oligosaccharides with a variety of partially 
sialylated and fucosylated structures yielding less than the 
maximal number of sLe x moieties (Picard et aL, 2000; 
Rittershaus et aL, 1999). Similar heterogeneity of glycans 
in CHO-expressed glycoproteins has been described pre- 
viously and attributed to incomplete Golgi processing, post- 
secretion degradation due to glycohydrolases released into 
cell culture media, or both (Goochee et aL, 1991; Jenkins 
etaL, 1996). 

In this article we describe a process to introduce sLe x 
moieties onto the N-glycan chains of sCRl produced in 
standard CHO cell lines using in vitro enzymatic synthesis. 
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This method employs serial treatment of sCRl with soluble 
recombinant rat ST3Gal-III and human FT- VI to give an 
sCRl-sLe x product, designated sCRl-S/F (for differentia- 
tion from the LEC11 product) in which the antennae of 
N-glycans are nearly uniformly terminated with sLe x epi- 
topes. The benefits of in vitro glycan remodeling include 
improved pharmacokinetics, enhanced binding to E-selec- 
tin, and a means to improve product homogeneity. Enzy- 
matic remodeling is demonstrated at the 10-g scale. 



Results 

In vitro remodeling of sCRl glycans 

sCRl (250 mg) expressed in CHO cells was sialyated by 
treatment with ST3Gal-III plus CMP-sialic acid to give a 
product designated sCRl-S. After an aliquot was removed 
from the reaction mixture for analysis, the remaining 
sCRl-S was fucosylated in the same reaction vessel by the 
addition of FT- VI plus GDP-fucose to give a product 
designated sCRl-S/F. After purification by serial chroma- 
tography on ceramic hydroxyapatite and Q Sepharose, the 
reaction products had the same retention time and percent 
purity (98.5%) by reversed phase high-pressure liquid chro- 
matography (RP-HPLC) as the starting material, sCRl 
(data not shown). Chemical and functional properties of 
these molecules were compared with those of sCRl-sLe x , a 
molecule previously produced in the FT-VI-expressing 
LEC1 1 CHO cell line and shown to contain some N-linked 
biantennary glycans terminated with the sLe* tetrasacchar- 
ide (Picard et aL, 2000). 

From the mannose content of sCRl, sCRl-S, sCRl-S/F, 
and sCRl-sLe x (Table I) it may be inferred that these 
molecules contain ~13-15 N-glycan chains per mol protein 
(assuming 3 mol mannose per N-glycan chain). The 
fluorophore-assisted carbohydrate electrophoresis (FACE) 
oligosaccharide profile for sCRl (Figure 1) shows three 
major bands consistent with a biantennary structure con- 
taining zero, one, or two sialic acid residues, as described 
previously (Picard et aL, 2000). The monosaccharide com- 
position of sCRl (Table I) suggests that -57% of total 



Table I. Monosaccharide Content (mol/mol glycoprotein) by HPLC 
analysis 





sCRl 


sCRl-S 


sCRl-S/F 


sCRl-sLe x 


Glucosamine 


62 


48 


48 


62 


Galactose 


33 


28 


27 


38 


Mannose 


44 


39 


35 


40 


Fucose 


16 


12 


39 


33 


Sialic acid 


19 


30 


28 


27 


Sialic acid/galactose 


0.57 


1.09 


1.06 


0.70 


Glycosylation sites/sCR 1 


15 


13 


12 


13 


Estimated sLe*/sCRl-sLe x * 


n.a. 


n.a. 


28 


14 



. 'Estimated sLe x /sCRl-sLe x = (Fuc/sCRl-sLe x - sites/sCRl-sLe x ) x Sial/ 
Gal ratio. 
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galactosyl residues are substituted with sialic acid (19 mol 
sialic acid/ 33.2 mol galactose). By comparison, the FACE 
oligosaccharide profile for sCRl-S (Figure 1) shows one 
major band that migrates at a position consistent with a 
biantennary structure containing two sialic acid residues, 
and monosaccharide analysis reveals the galactose/sialic 
acid ratio to be 1:1 (Table I). 

FACE analysis of glycans from sCRl-S/F, prepared by 
enzymatic fucosylation of sCR-S, suggests that N-glycans 
are predominantly biantennary and that fucosylation at 
both antennae is nearly complete (Figure 1). The dominant 
oligosaccharide band derived from sCRl-S/F was cut out 
and extracted from the gel. Sequential removal, of mono- 
saccharide residues from the extracted glycoprotein using 
specific glycosidases gave products with mobilities consis- 
tent with a 1-6 core-fucosylated, biantennary N-glycans 
(Figure 2). Monosaccharide analysis of sCRl-S/F shows 
the presence of 39.3 moles fucose per mol sCRl-S/F, a 
figure in agreement with the prediction from theory that 
39-45 fucose residues per mol protein would be present if all 
N-glycans were core fucosylated and enzymatic fucosyla- 
tion of antennary GlcNAc residues were complete. 

The FACE oligosaccharide profile for sCRl-sLe x , a glyco- 
protein produced in LEC1 1 CHO cells, shows at least seven 
bands (Figure 1) with some common to sCRl and others 
shown previously (Picard et aL, 2000) to represent core 
fucosylated structures with al-3 fucosylation at one or 
more antennae. Heterogeneity in the degree of fucosylation 
of the N-glycan chains from sCRl-sLe x also can be appre- 
ciated from the results of monosaccharide analysis (Table I). 
For example, it may be calculated (assuming 3 mannose 
residues per chain) that sCRl-sLe x contains an average 
of 2.5 fucosyl residues per glycan chain. By contrast, the 
fucose content per glycan chain increases from 0.95 for 



1 2 3 4 5 

Fig. 1. FACE profiling of oligosaccharides from sCRl-sLe x and sCRl 
before and after enzymatic remodeling: (1) Glyko oligosaccharide 
standard ladder, (2) sCRl, (3) sCRl-S, (4) sCRl-S/F, (5) sCRl-sLe\ The 
oligosaccharide profile of sCRl (lane 2) contains predominantly bands 
representing biantennary structures with two sialic acids (bottom band), 
one sialic acid (middle band), and no sialic acids (top band). 




In vitro remodeling of complement inhibitor glycans 




1 2 3 4 5 6 7 8 



Fig. 2. FACE analysis of oligosaccharides from sCRl-S/F after serial 
treatment with glycosidases. The dominant oligosaccharide band derived 
from sCRl-S/F (lane 2) was cut out and extracted from the gel. The 
resulting oligosaccharide preparation was digested sequentially to 
remove each monosaccharide residue starting at the terminal sialic acid 
residue and ending at the trimannosyl core: (1) Glyko oligosaccharide 
standard ladder; (2) total N-linked oligosaccharides of sCRl-S/F; (3) 
purified dominant band (band 1) from lane 2; (4) band 1 treated with 
NANaselH (cleaves a2-3, 4, 6, 8, and 9 linked sialic acid); (5) band 1 
treated with NANaselH and Fucaselll (cleaves ctl-3 and 4 fucose); (6) 
band 1 treated with NANaseIIT t Fucaselll, and Galaselll (cleaves 
terminal galactose); (7) band 1 treated with NANaselH and Fucaselll, 
Galaselll, and hexosaminidase; (8) standard trimannosyl core N-giycans 
with (upper band) and without a 1-6 fucose. 




12 3 4 

Fig. 3. FACE analysis of oligosaccharides from sCRl-S/F treated with 
sialidases. The dominant oligosaccharide band (band 1) derived from 
sCRl-S/F (see Figure 2, lane 2) was cut out and extracted from the gel. 
The resulting oligosaccharide preparation was subjected to enzymatic 
digestion to remove terminal sialic acid: (1) Glyko oligosaccharide 
standard ladder; (2) band 1 from sCRl-S/F; (3) band 1 treated with 
NANasel (cleaves a2-3 linked sialic acid); (4) band 1 treated with 
NANaselH (cleaves o>3, 4, 6, 8, and 9 linked sialic acid). 



sCRl-S to 3.3 for sCRl-S/F, a result that correlates well 
with the single band visualized by FACE analysis of sCRl- 
S/F (Figure 1). 

Oligosaccharide sequencing using FACE 

The linkage of terminal sialic acids on sCRl-S/F was 
assessed by digestion with specific neuraminidases 
(Figure 3). Complete removal of sialic acid by treatment 
of band 1 from sCRl-S/F with NANase I indicates that 
sialic acid residues are oc2-3 linked, as expected. 

Optimization of sialylation reaction for scale-up 

To establish conditions for scaleup of sialylation, sCRl 
(5 mg/ml) was incubated with varying amounts of 
ST3Gal-III (10, 25, 75, 100, 200, 300 and 400 U/ml) and 
5 mM CMP-sialic acid plus a trace amount of radiolabeled 
CMP-sialic acid for 24 h at 32°C. At an ST3Gal-III con- 
centration of 150 mU/ml, incorporation of radiolabeled 
sialic acid reached 91% of maximum after 24 h and 100% 
at 48 h. The lowest concentration of enzyme required to give 
nearly maximum incorporation (~40 mol sialic acid/mol 
protein) under these conditions was 25 mU/ml ST3Gal-III 
(Figure 4). It should be noted that the contribution of 
triantennary and tetraantennary species may be responsible 
for the observation that more than 30 moles of sialic acid 
was added per mole of sCRl. Increasing the CMP-sialic 
acid concentration from 5 mM to 10 mM did not affect the 
level of sialylation of sCRl at any of the ST3Gal-III con- 
centrations tested (data not shown). HPLC and matrix- 
assisted laser desorption ionization time-of-flight mass 
spectrometry (MALDI-TOF MS) analysis of glycans 



£50* 




E ' i 1 \ 1 1 i 1 

0 50 100 150 200 250 300 350 400 450 

ST3Gal-lll (mU/ml) 

Fig. 4. Incorporation of sialic acid into sCRl at increasing 
concentrations of ST3Gal-III in a 24-h reaction. The moles of sialic acid 
added are estimated from incorporation of radiolabeled CMP-sialic 
acid. Incorporated radiolabel is separated from free by gel filtration on a 
TSKG2000 S wxl column. 



released from sCRl-S revealed that at all concentrations 
of enzyme tested, the product contained predominantly 
disialylated, biantennary, core fucosylated N-glycans (data 
not shown). A concentration of 200 mU ST3Gal-III/ml was 
chosen for scale-up to ensure completeness of reaction. 

Optimization of fucosylation 

To establish conditions for scale-up of fucosylation, 
sCRl-S (5 mg/ml) was incubated with varying amounts of 
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Table II. HPLC data summary of large scale remodeling 



200 300 
FT-VI (mil/ml) 



500 



Fig. 5. Incorporation of fucose into sCRl-S at increasing concentrations 
of FT-VI in a 24-h reaction. The moles of fucose added are estimated 
from incorporation of radiolabeled GDP-fucose. Incorporated 
radiolabel is separated from free by gel filtration on a TSKG2000 S wxl 
column. 



FT-VI (10, 20, 40, 60, 100, 220, 440 mU/ml) and 5 mM 
GDP-fucose plus a trace of radiolabeled GDP-fucose for 
24 h at 32°C. The lowest concentration of enzyme required 
to give nearly maximum incorporation of fucose under 
these conditions was 100 mU/ml FT-VI (Figure 5). Increas- 
ing the GDP-fucose concentration from 5 mM to 10 mM 
did not increase fucose incorporation at several different 
FT-VI concentrations tested (data not shown). 

For products of reactions run at all concentrations of FT- 
VI^ 100 mU/ml, the glycan structures identified by HPLC 
and MALDI-TOF MS were almost the same and essentially 
indistinguishable from the structures described next for 
sCR 1 -S/F produced at the 1 0-g scale. 

Remodeling at 10-g scale 

Purified sCRl (10 g in a volume of 2 L) was incubated first 
with ST3Gal-III plus CMP-sialic acid at 32°C for 36 h and 
then, following addition of FT-VI plus GDP-fucose, incu- 
bated at 32°C for another 36-h period.. 

FACE analyses of glycans from sCRl, sCRl-S, and 
sCRl-S/F for reactions performed at the 10-g scale (data 
not shown) were essentially indistinguishable from FACE 
results obtained at the 250-mg scale (Figure 1), suggesting 
that occupancy of potential acceptor sites for ST3Gal-III 
and FT-VI on sCRl at the 10-g scale was nearly complete. 

HPLC profiles for 2-AA-derivatized glycans of sCRl, 
sCRl-S, and sCRl-S/F are shown in Figure 6 and the 
percentages of glycan species estimated from integrated 
peak areas are summarized in Table II. After in vitro sialy- 
lation with ST3Gal-III, neutral glycans, comprising 50% of 
carbohydrate chains in sCRl, are reduced to 2% of chains in 
sCRl-S, and monosialo-glycans likewise decrease to from 
35% in sCRl to 17.5% in sCRl-S (Figure 6 and Table II). 
Overall, about 90% of N-glycans are biantennary and these 
chains contain an average of 1.8 sialic acid moieties per 
glycan. Among the minority of biantennary glycans on 
sCRl-S that are monosialylated, some lack galactose on 
one antenna, whereas others contain two galactosyl resi- 
dues, only one of which is sialylated. The remaining 10% of 
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Glycan 




Sialylated 


Sialylated and 


Native protein 


protein (sCRl-S) 


fucosylated protein 


species 


(sCRl) (%) 


(%) 


(sCRl-S/F) (%) 


Neutral 


50.5 


2.0 


4,0 


1 charge 


35.0 


17.5 


25.5 


2 charges 


13.0 


70.5 


68.5 


3 charges 


1.5 


8.5 


1.5 


4 charges 


ND* 


1.5 


0,5 


"Not detected. 
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Fig. 6. RP-HPLC analysis of 2-AA-oligosaccharides before and after 
enzymatic remodeling at the 10-g scale: (A) sCR-I; (B) sCRl-S; (C) 
sCRl-S/R MALDI-TOF MS analysis (data not shown) of 2-AA- 
oligosaccharides from sCRl-S (B) indicated that: peak a contains 
monosialylated biantennary glycans that lack terminal galactose on one 
antenna; peak b, constituting 12% of biantennary glycans, contains 
biantennary glycans with two galactose residues, but only one sialic acid; 
peaks c and d contain disialylated, biantennary glycans, with and 
without core fucose, respectively. 



glycans are fully sialylated triantennary (8.5%) or tetra- 
antennary (1,5%) structures. 

After fucosylation of sCRl-S to create sCRl-S/F, HPLC 
and MALDI-TOF MS analyses (Table III and Figure 7) 
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Table III. sCRl-S/F glycans 



Neutral 


glycans 


structure 


% 




0.64 j 


h 


0.16 


ft 


0.44 




0.43 




0.18 




0.95 




0.28 


■A. 


0.35 




0.58 



Neutral glycans Monosialo glycans 



structure 


% 


A 

1 


0.16 




0.13 


fh 


0.38 




1.51 


A 


0.82 



structure 


% 




0.70 




3.47 


i 

r 


1.06 


\ 


1.15 




7.07 


V 


2.93 




6.12 



Disialo < 


glycans 


structure 


% 




17.26 
51.24 


Trisialo glycans 


structure 


% 




0.75 
0.75 



Blue squares represent N-acetylglucosamine, yellow circles represent mannose, green triangles represent fucose, red diamonds represent galactose, and 
asterisks represent sialic acid. 



showed that more than 95% of the glycans were fucosylated 
by FT- VI. About 62% of the total N-glycans gained two 
fucose residues, and ~30% gained a single fucose residue. 
Failure to accept two fucosyl residues was in part due to 
missing galactosyl residues on one or more antennae. From 
these results it can be estimated that the sCRl-S/F mole- 
cules created by consecutive in vitro sialylation and fuco- 
sylation reactions contain, on average, 28 sLe x epitopes per 
protein molecule, whereas sCRl-sLe x , glycosylated and 
secreted by the FT-VI-expressing LECH CHO cell, con- 
tains ~14 sLe x epitopes per protein molecule (Table I). 

To check the stability of sCRl under conditions of incu- 
bation with glycosyltransferases, a small amount of protein 
was analyzed by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) after- each remodeling 
reaction. There was no evidence of degradation of the 



polypeptide after incubation with either ST3Gal-III or 
FT- VI (data not shown). 

Pharmacokinetics 

When sCRl-S prepared at the 250-mg scale was injected 
intravenously into rats, the observed area under the curve 
(AUCi as t) was twofold greater than the AUQ ast for sCRl 
(p < 0.004), indicating a significantly greater exposure of 
the more completely sialylated form of the complement 
inhibitor to intravascular cells following dosing (Figure 8). 

In vitro antihemolytic activity 

The IH 50 values for sCRl, sCRl-S, sCRl-sLe x , and sCRl- 
S/F as inhibitors of human complement-mediated lysis of 
sheep red blood cells were found to be similar (Figure 9 and 
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Fig. 7. MALDI-TOF analysis of total glycans from (A) sCRl, (B) sCRl-S, and (C) sCRl-S/F remodeled at the 10-g scale. The blue square is GlcNAc, 
the yellow filled circle is mannose, the green filled triangle is fucose, the red filled diamond is galactose, and the asterisk is sialic acid. 



Table IV), indicating that in vitro glycosylation of sCRl to 
. yield sGR 1 -S or sCR 1 -S/F does not significantly impact the 
complement inhibitory properties of the molecule in the 
classical pathway. 



In vitro binding to E-selectin 

Figure 10 shows that sCRl-sLe x and sCRl-S/F bind 
E-selectin in a concentration-dependent manner. The IC 50 
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Fig. 9. Inhibition of red cell lysis via the classical pathway as a function 
of the concentration of sCRl, sCRl-S, sCRl-sLe x , and sCRl-S/F. 



Table IV. Antihemolytic activity of modified sCRl and sCRl-sLe* 



IH 50 (nM) 


sCRl 


0.41 


sCRl-S 


0.48 nM 


sCRl-sLe* 


0.59 


sCRl-S/F 


0.59 nM 



for sCRl-sLe* from this plot is -5 nM, and for sCRl-S/F 
~0.4 nM, The observed 10-fold increase in inhibitory 
potency presumably is due to enhanced avidity, attributable 
to the increased density of sLe x moieties on sCRl-S/F (28/ 
mol) as compared with sCRl-sLe x (14 per mol) (see Table I). 
The specificity of this binding was demonstrated by its 
calcium requirement and by the observation that sCRl 
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Fig. 10. Inhibition of PAA-sLe x binding to E-selectin coated microtiter 
plates in the presence of varying concentrations of sCRl-sLe x or 
sCRl-S/F. 



(which does not contain any sLe x structures) does not 
inhibit E-selectin binding at concentrations as high as 
10 |iM (data not shown). 



Discussion 

sCRl, made by standard CHO production methods, pos- 
sesses predominantly biantennary oligosaccharides that are 
incompletely sialylated. We previously described an alter- 
nately glycosylated form of sCRl called TP20 or sCRl-sLe x 
(Picard et al. % 2000; Rittershaus et a/., 1999), secreted by the 
FT- VI -expressing LEC1 1 CHO cell line and bearing sLe x 
moieties on a fraction of its N-linked oligosaccharides. In 
this article we describe in vitro enzymatic remodeling of 
sCRl by the stepwise application of two soluble recom- 
binant glycosyltransferases in "one pot": The first step 
adds sialic acid to make sCRl-S, and the second adds fucose 
to make sCRl-S/F. The product of these glycan remodeling 
reactions contains an average of 28 sLe x moieties per mol, 
as compared with 14 per mol found in CHO cell-produced 
sCRl-sLe\ 

That the sCRl protein remains intact under conditions 
of glycan remodeling was demonstrated by RP-HPLC and 
SDS-PAGE analyses showing single polypeptides with 
expected molecular weights for sCRl-S and sCRl-S/F. Evi- 
dence for (1) conformational stability under conditions of 
the in vitro glycosylation reactions, and (2) preserved func- 
tion despite variations in glycan structure, is provided by 
the observed near equivalence in bioactivity of sCRl, sCRl- 
S, sCRl-S/F, and CHO-produced sCRl-sLe x in a standard 
complement inhibition assay. 

The oligosaccharide structures associated with sCRl-S 
and sCRl-S/F were assessed by a number of methods. 
FACE profiling demonstrated a more fully sialylated set 
of glycoforms for sCRl-S as compared with sCRl and 
nearly homogeneous, fully sialylated and fucosylated bian- 
tennary N-glycans for sCRl-S/F. Sequencing experiments 
using FACE provided supporting evidence that sialic acid 



889 



L.J. Thomas et al 



.was linked <x2-3 to galactose and that the predominant, 
single oligosaccharide band derived from sCRl-S/F was 
BiNA 2 F 2 . The analyses we performed do not establish lin- 
kages between the terminal and penultimate sugars that 
define sLe x (NeuAca2-3Gaip 1 -4[Fuc<x 1 -3]GlcN Ac|3 1 -) 
versus sLe a (NeuAca2-3Gal(Jl-3[Fucal-4]GlcNAcpl-). 
However, two factors make it likely that the glycans of 
sCRl-S/F do, in fact, terminate in sLe x . First, it is known 
that in CHO cells, N-linked glycans are most commonly 
formed by (34GalT-l, and hence have the type-2 structure, 
Gaipi-4GlcNAcpi- (Lee et al, 2001). Second, the acceptor 
specificity of FT-VI is known to be restricted to type 2 
chains (Costache et al, 1997; Weston et al, 1992). 

During optimization of the sialylation reaction, we noted 
that incubation of sCRl with either a low concentration of 
ST3Gal-III (10 mU/ml) for 24 h or a higher concentra- 
tion (75 mU/ml) for 1 h produced a nearly maximally 
sialylated product. Even after incubation at the highest 
concentration of siaiyltransferase tested (600 mU/ml for 
24 h), a small fraction of monosialylated biantennary 
species persisted, perhaps due to steric hindrance at parti- 
cular sites. Improved pharmacokinetics observed for the 
fully sialylated sCRl-S molecule as compared with sCRl 
is probably a consequence of the added sialic acid blocking 
the interaction of terminal galactosyl residues with hepatic 
asialoglycoprotein receptors (Stockert, 1995). 

We observed that FT-VI at 25 mU/ml fucosylates most 
sialylated biantennary glycans within 24 h. No significant 
differences were observed in catalytic activities of FT-VI 
expressed in the NSO cell line versus Aspergillus niger 
expression systems. The sCRl polypeptide was shown to be 
stable following prolonged incubation with enzyme from 
either source. 

In vitro glycosylation of sCRl at the 10-g scale was carried 
out at enzyme concentrations selected to ensure nearly 
complete reaction at each stage. Success with the single 
experiment reported is consistent with the ability to predict 
useful scaled-up reaction conditions over a range of at least 
40-fold based on mass of starting substrate. Both the 
ST3Gal-III and FT-VI enzymes used to glycosylate 10 g 
sCRl were produced in A. niger, an expression system 
widely used for the manufacture of industrial enzymes in 
ton quantities. Although further scale-up would require 
refinement of incubation conditions, it can be estimated 
from present results that glycosylation of 1 kg of sCRl 
might require 40,000 U ST3Gal-III and 20,000 U FT-VI, 
amounts that seem plausible to produce at reasonable cost 
in an industrial setting. To our knowledge, this is the largest 
$cale reported enzymatic glycosylation of a glycoprotein to 
date by several orders of magnitude (Fischer and Dorner, 
1998; Nemansky et al, 1995; Paulson et al, 1977; Raju et al, 
2001; Thotakura et al, 1994). 

The optimized conditions chosen for scale-up were very 
similar to the conditions used to generate material used for 
in vivo and in vitro studies. Compared with sCRl-sLe x , sCRl- 
S/F was shown to have twice the number of sLe x moieties 
and about a 10-fold higher apparent affinity for binding to 
E-selectin. This higher affinity presumably results from 
increased cooperativity in a multivalent binding reaction 
wherein sLe x moieties distributed widely over sCRl-S/F 
engage multiple immobilized E-selectin molecules. In certain 



clinical situations, the anticomplement inhibitory and anti- 
inflammatory activity of sCRl-S/F could be effectively tar- 
geted via a similar mechanism to sites of inflammation where 
endothelial cells have been activated and have up-regulated 
expression of adhesion molecules including P- and E-selectin. 
sCRl-sLe x has been shown to be superior to sCRl in a 
complement- and selectin-dependent lung injury model 
(Mulligan et al, 1999), a murine model of ischemic stroke 
(Huang et al, 1999), moderating skeletal muscle reperfusion 
injury (Kyriakides et al, 2001a), moderation of acid aspira- 
tion injury (Kyriakides et al, 2001b), reducing ischemia/ 
reperfusion injury in rat lung grafts (Schmid et al, 2001), 
and a myocardial ischemia and reperfusion model in the rat. 
sCRl-sLe x significantly reduced myocardial infarct size and 
was significantly more effective than sCRl in reducing neutro- 
phil infiltration into the infarction (Zacharowskie/ al, 1999). 
It will be interesting to investigate whether sCRl-S/F is even 
more effective than sCRl-sLe x in similar animal models. 



Materials and methods 

Complement proteins, antibodies, enzymes, and other 
reagents 

Purified sCRl and sCRl-sLe x were prepared as previously 
described (Rittershaus et al, 1999). Nucleotide sugars 
(CMP-sialic acid and GDP-fucose) were manufactured at 
Neose (Horsham, PA). CMP-sialic acid was prepared from 
CTP and sialic acid with recombinant CMP NeuAc synthe- 
tase (Shames et al, 1991). GDP-fucose was either made 
from GDP-mannose using GDP-mannose 4,6-dehydratase 
and GDP-4-keto-6-deoxymannose 3,5-epimerase/reduc- 
tase, or purchased from Yamasa (Chiba, Japan). A gene 
encoding for a truncated, soluble form of ST3Gal-III (rat) 
was expressed in A. niger var. awamori dgr246 P2 using a 
variant of the expression vector pSL 1180 (Ward and 
Power, 2003). A 30-60% ammonium sulfate pellet was dis- 
solved in 100 mM NaCl, 20 mM 2-(iV-morpholino)ethane- 
sulfonic acid (MES), pH 6, loaded on SP Sepharose 
(Amersham Biosciences, Piscataway, NJ), and eluted with 
1 M NaCl, 20 mM MES, pH 6. rFT-VI (human) was 
expressed either in NSO cells or in A. niger as described as 
a soluble protein lacking the transmembrane domain. For 
the A. niger expressed protein, a 30-60% ammonium sulfate 
pellet was dissolved in 20 mM MES, pH 6, loaded on SP 
Sepharose (Amersham Biosciences, Piscataway, NJ), and 
eluted with a linear gradient from 0 to 1 M NaCl in 
20 mM MES, pH 6. Soluble recombinant E-selectin 
was purchased from R&D Systems (Minneapolis, MN). 
Streptavidin-horseradish peroxidase conjugate (SA-HRP) 
was from Pierce (Rockford, IL), and biotinylated poly- 
acrylamide polymer (PAA-sLe x ) was from GlycoTech 
(Rockville, MD). Anti-sCRl monoclonal antibodies 
6B1.H12 and 4D6.1 were prepared as previous described 
(Nickells et al, 1998). Standards and glycosidases used in 
FACE analyses were from Glyko (Nova to, California). 

Preparation of sCRl-S 

Lyophilized sCRl (250 mg) was reconstituted and buffer 
exchanged into 50 mM Tris, 0.15 M NaCl, 0.05% NaN 3 , 
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pH 7.2, using gel filtration columns (PD-10, Amersham 
Biosciences), and the concentration of sCRl was adjusted 
to 5 mg/ml with the same buffer. Following addition of 
ST3Gal-III (150 mU/ml) and CMP-sialic acid (7 mM) the 
mixture was incubated at 32°C. A separate aliquot of the 
reaction mixture to which a trace amount of CMP-[ 14 C]sialic 
acid was added was incubated in parallel. From this, aliquot 
samples were withdrawn at various times and fractionated 
by isocratic HPLC/size-exclusion chromatography at 0.5 ml/ 
min in 45% MeOH, 0.1% trifluoracetic acid (7.8 mm x 30 cm 
TSKG2000swxl column, particle size 5 jim, TosoHaas). 
Incorporation of sialic acid into glycoprotein was calculated 
from the fraction of counts in the first eluted peak and the 
known concentration of sugar nucleotide. 

Preparation ofsCRl-SIF 

After the sialylation reaction had proceeded for 48 h, GDP- 
fucose was added to a final concentration of 7 mM, MnC^ 
to 5 mM, and rFT-VI to 0. 1 U/ml. A trace amount of GDP- 
[ 14 C]fucose was added to a separate aliquot, and both reac- 
tion mixtures were incubated at 32°C. Chromatography of 
the radiolabeled mixture as described showed the transfer of 
-44 moles/mole sCRl-S after 48 h and 47 moles after 48 h. 
The product was provisionally designated sCRl-S/F. 

Removal of nucleotide sugars and residual 

gly cosy transferases using ceramic hydroxyapatite 

and Q Sepharose chromatography 

Glycosyltransferases and nucleotide sugars were removed 
from remodeled sCRl-S and sCRl-S/F by chromatography 
on ceramic hydroxyapatite (type I; BioRad, Hercules, CA) 
followed by Q Sepharose (Amersham Biosciences). Purity 
was assessed by RP-HPLC on a Poros Rl/10 column (4.6 
mmD/100 mmL, Applied Biosystems, Framingham, MA). 

Optimization of sialylation and fucosylation reactions 
prior to scale-up 

sCRl was thawed slowly at 4°C and buffer exchanged into 
50 mM Tris-HCl, pH 7.5, 150 mM NaCl, using a PD10 
column. In vitro sialylation of sCRl (5 mg/ml) was evalu- 
ated using varying amounts of ST3Gal-III, 5 mM CMP- 
sialic acid, in the presence of 0.02% sodium azide at 32°C 
for 24 h. A trace amount of CMP— { 14 C]sialic acid was 
added to an aliquot to monitor incorporation of radioactive 
sialic acid as described. 

To the product (sCRl-S) of the reaction performed at 
a sialyltransferase concentration of 100 mU/ml (still 
containing the sialylation reagents) was added MnCl 2 and 
GDP-fucose, each to a final concentration of 5 mM, varing 
amounts of FT- VI, and a trace amount of GDP-[ 3 H]fucose. 
The resulting reaction mixture was incubated at 32°C for 
24 h. Incorporation of radioactive fucose into the product 
(sCRl-S/F) was monitored as described for sialic acid. 

sCRl remodeling at 10-g scale 

Purified sCRl (10 g) was dialyzed exhaustively at 4°C 
against 50 mM Tris-HCl, 0.15 M NaCl, pH 7.5, adjusted 
to a concentration of 5 mg/ml with the same buffer, and 
incubated with ST3Gal-III (200 mU/ml) and CMP-sialic 



acid (5 mM) for 36 h at 32°C in a final volume of 2 L. 
After 36 h, an aliquot containing the sialylated product 
(sCRl-S) was withdrawn for analysis and the following 
reagents (final concentrations) were added: rFT-VI 
(100 mU/ml), GDP-fucose (5 mM), MnCl 2 , (5 mM). After 
further incubation at 32°C for 36 h, a precipitate (manga- 
nese phosphate) was removed by centrifugation at 3000 x g 
for 5 min, and the sialylated and fucosylated product 
(sCRl-S/F) was stored at -70°C 

Monosaccharide analysis by HPLC 

The neutral and amino sugar composition of glycoproteins 
was determined after trifluoroacetic acid hydrolysis and reduc- 
tive amination with anthranilic acid by CI 8 reverse-phase 
HPLC with fluorescence detection (Anumula, 1994). Sialic 
acid content was determined after sodium bisulfate hydrolysis 
and reaction with o-phenylenediamine by CI 8 reverse-phase 
HPLC with fluorescence detection (Anumula, 1995). 

Carbohydrate analysis by FACE 

Carbohydrate sequencing and electrophoresis by FACE 
(Glyko and ProZyme, San Leandro, CA) was performed 
as previously described elsewhere (Picard et al, 2000). 

Carbohydrate analysis by 2-AA HPLC and 
MALDI-TOF MS 

Glycans were released by PNGaseF and labeled with 2-AA 
according to the method described by Anumula and Dhume 
(1998) except that the labeled glycans were purified on 
cellulose cartridges (Glyko) according to the manufac- 
turer's instructions. 2-AA-labeled N-glycans were analyzed 
using a Shodex Asahipak NH 2 P-50 4D amino column 
(4.6 mm x 150 mm). The two solvents used for the separa- 
tion were (A) 2% acetic acid and 1% tetrahydrofuran in 
acetonitrile and (B) 5% acetic acid, 3% triethylamine, and 
1% tetrahydrofuran in water. The column was eluted 
isocratically with 70% A for 2.5 min, followed by a linear 
gradient from 70% to 5% A over a period of 97.5 min, and a 
final isocratic elution with 5% A for 15 min. Eluted peaks 
were detected using fluorescence detection with an excita- 
tion wavelength of 230 nm and an emission wavelength of 
420 nm. 

For MALDI-TOF analysis, a small aliquot of the 2-AA- 
labeled N-glycans was dialyzed for 45 min on an MF-Milli- 
pore membrane filter (0.025 nm pore, 47 mm diameter) 
floating on water. The dialyzed aliquot was dried in a 
vacuum centrifuge, redissolved in a small amount of 
water, and mixed with a solution of 2,5-dihydroxybenzoic 
acid (10 g/L) dissolved in watenacetonitrile (50:50). The 
mixture was dried onto the target and analyzed using an 
Applied Biosystems DE-Pro MALDI-TOF mass spectro- 
meter operated in the linear/negative-ion mode. Glycan 
structures were assigned based on the observed mass-to- 
charge ratio and literature precedence. No attempt was 
made to fully characterize isobaric structures. 

SDS-PAGE 

sCRl samples before and after in vitro enzymatic remodel- 
ing were separated on 8-16% gradient Tris-glycine 
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€ polyacrylamide gels and stained with colloidal blue Coo- 
massie stain. Gels, staining solutions, and molecular weight 
standards were obtained from Invitrogen (Carlsbad, CA). 

Assays of complement regulatory activity 

The inhibition of complement-mediated lysis of antibody- 
sensitized sheep erythrocytes (classical pathway) was 
assessed as previously described (Scesney et al, 1996). 

E-selectin binding assay 

E-selectin binding assays were performed according to pre- 
viously reported methods (Weitz-Schmidt et al, 1996). Flat- 
bottom 96-well microtiter plates were coated with 5 ng/ml 
recombinant human E-selectin (R&D Systems) in 150 mM 
NaCl, 1 mM CaCl 2 , 20 mM HEPES, pH 7.4 (HEPES- 
buffered saline, HBS). Coated wells were blocked with 2% 
bovine serum albumin/HBS. Varying concentrations of sCRl 
or sCRl-sLe x were added to the plate. A complex of a bioti- 
nylated polyacrylamide polymer containing sLe x (PAA-sLe x , 
GlycoTech) and SA-HRP was prepared. A dilution of this 
conjugate complex was added to the wells containing sCRl 
or sCRl-sLe x or buffer and incubated for 90 min at room 
temperature. The wells were washed with HBS/CaCl 2 and 
S^'^^'-tetramethylbenzidine substrate (KPL) was added to 
each well. Color was allowed to develop for 15 min, and the 
reaction was stopped with 2.0 N H 2 S0 4 . Bound PAA-sLe x 
complex was measured by determining the absorbance 
at 450 nm with a microplate reader (Molecular Devices, 
Sunnyvale, CA). 

Pharmacokinetic analysis in rats 

Male Sprague-Dawley rats (~250 g), with in-dwelling 
jugular vein cannulas were purchased from Taconic 
(Germantown, NY) or Harlan Sprague Dawley 
(Indianapolis, IN). The catheters were periodically flushed 
with 0.9% saline followed by either heparinized glycerol 
(1:4 glycerol/333 IU heparin/ml) or heparinized saline 
. (333 IU/ml) to ensure patency. 

Animals were injected with sCRl or sCRl-S (10 mg/kg) 
via the lateral tail vein as a bolus at time 0. Blood samples 
were obtained at timed intervals from the jugular vein can- 
nula. The levels of sCRl and sCRl-S present in the plasma 
samples were measured by a previously described enzyme- 
linked immunosorbent assay (Rittershaus et al, 1999). 
Briefly, microtiter plates were coated with anti-sCRl mono- 
clonal antibody 6B1 .H12 and captured sCRl from a sample 
was detected with an HRP-conjugated anti-sCRl mono- 
clonal antibody 4D6.1, Pharmacokinetic data was analyzed 
using WinNonlin (Pharsight, Mountain View, CA). 
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